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Measurements	
  at	
  
LEP	
  tell	
  us	
  that	
  the	
  
Z0	
  couples	
  to	
  only	
  3	
  
light	
  neutrinos	
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4	
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One	
  of	
  which	
  does	
  not	
  couple	
  to	
  the	
  Z	
  and	
  
so	
  does	
  not	
  interact	
  weakly,	
  i.e.	
  sterile	
  



What	
  is	
  a	
  Sterile	
  Neutrino?	
  

•  One	
  more	
  neutrino	
  adds	
  7	
  complex	
  matrix	
  elements	
  
–  but	
  not	
  all	
  independent.	
  

•  1	
  Δm2,	
  3	
  “angles”,	
  2	
  phases	
  –	
  varying	
  parameterizations	
  
–  |Ue4|2,	
  |Uµ4|2,	
  |Uτ4|2	
  	
  	
  	
  	
  or	
  	
  	
  θ14,	
  θ24,	
  θ34	
  

•  One	
  more	
  neutrino	
  adds	
  8	
  more	
  parameters	
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Both	
  |Ue4|2	
  and	
  |Uµ4|2	
  must	
  be	
  >	
  0	
  

for	
  non-­‐zero	
  probability	
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νµ-­‐>νe/νµ-­‐>νe	
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sin2 2✓ee = 4|Ue4|2(1� |Ue4|2)

Reactor	
  νe	
  rate	
  low	
  at	
  
short	
  distances	
  

51Cr/37Ar	
  νe	
  rates	
  low	
  at	
  
Gallium	
  experiments	
  	
  

ArXiv:1303.3011	
  
|Ue4|2 ⇡ 0.02

�m2 > 1 eV2
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approx.	
  



What	
  can	
  Super-­‐K	
  tell	
  us?	
  

•  11	
  years	
  of	
  atmospheric	
  neutrino	
  data.	
  
–  Covering	
  a	
  wide	
  range	
  of	
  L	
  and	
  E	
  

•  It	
  is	
  most	
  useful	
  because	
  of	
  what	
  it	
  is	
  
not	
  sensitive	
  to:	
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50	
  kT	
  Water	
  

>13,000	
  PMTs	
  

The	
  size	
  of	
  the	
  sterile	
  
mass	
  splitting	
  

Oscillations	
  
appear	
  “fast”	
  

The	
  number	
  of	
  sterile	
  
neutrinos	
  

3+1	
  and	
  3+N	
  
models	
  look	
  the	
  

same	
  



What	
  can	
  Super-­‐K	
  tell	
  us?	
  
•  Short-­‐baseline-­‐related:	
  |Uµ4|2	
  
–  Driven	
  by	
  new	
  Δm2	
  
–  Creates	
  fast	
  oscillations	
  across	
  a	
  
wide	
  range	
  of	
  νµ	
  samples	
  
	
  

•  Atmospheric/long-­‐baseline:	
  |Uτ4|2	
  
–  Accessible	
  only	
  at	
  long	
  distances	
  
–  Oscillations	
  into	
  νs	
  instead	
  of	
  ντ	
  
–  Introduces	
  a	
  new	
  matter	
  effect	
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50	
  kT	
  Water	
  

>13,000	
  PMTs	
  



Super-­‐K	
  Sterile	
  Model	
  
•  A	
  fully	
  generic	
  sterile	
  model	
  is	
  dif]icult	
  
computationally	
  
–  Cannot	
  calculate	
  both	
  active	
  (νe)	
  and	
  sterile	
  (NC)	
  
matter	
  effects	
  together	
  

•  So,	
  we	
  need	
  to	
  perform	
  2	
  different	
  ]its:	
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Fit	
  for	
  |Uµ4|2	
   Fit	
  for	
  |Uτ4|2	
  

–  νe	
  matter	
  effects	
  only	
  
– Most	
  accurate	
  |Uµ4|2	
  limit	
  	
  
– No	
  |Uτ4|2	
  limit	
  

– NC	
  matter	
  effects	
  only	
  
– Required	
  for	
  |Uτ4|2	
  
– Over-­‐constrains	
  |Uµ4|2	
  



SK	
  Analysis:	
  Zenith	
  Angle	
  

•  Look	
  for	
  change	
  in	
  ]lavor	
  
content	
  vs.	
  L	
  

•  Bin	
  by	
  angle	
  and	
  separate	
  	
  
µ	
  and	
  e	
  	
  
–  isolate	
  oscillations	
  
–  other	
  samples	
  control	
  
systematics	
  

•  The	
  original	
  SK	
  analysis	
  was	
  
simple:	
  up/down,	
  µ/e	
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Fit	
  for	
  |Uµ4|2	
  

•  Signature	
  is	
  extra	
  disappearance	
  in	
  all	
  µ	
  samples	
  
–  Correlated	
  change	
  at	
  all	
  energies,	
  all	
  cosθz	
  
–  Sensitivity	
  limited	
  by	
  µ/e	
  ]lux	
  uncertainty	
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|Uµ4|2	
  <	
  0.023	
  at	
  90%	
  C.L.	
  

|Uµ4|2	
  <	
  0.034	
  at	
  99%	
  C.L.	
  

As	
  with	
  similar	
  
experiments,	
  no	
  sterile-­‐
driven	
  νµ	
  disappearance	
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νe	
  appearance	
  +	
  
νe	
  disappearance	
  

|Uµ4|2	
  <	
  0.023	
  at	
  90%	
  C.L.	
  

|Uµ4|2	
  <	
  0.034	
  at	
  99%	
  C.L.	
  

As	
  with	
  similar	
  
experiments,	
  no	
  sterile-­‐
driven	
  νµ	
  disappearance	
  

Exclude	
  much	
  of	
  the	
  
MiniBooNE	
  appearance	
  
signal	
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Fit	
  for	
  |Uτ4|2	
  

•  Matter	
  effects	
  create	
  shape	
  distortion	
  in	
  PC/Up-­‐µ	
  
zenith	
  distribution	
  
–  Less	
  disappearance	
  in	
  most	
  upward	
  bins,	
  still	
  have	
  extra	
  
disappearance	
  in	
  downward	
  bins	
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  simultaneously	
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  |Uµ4|2)	
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|Uτ4|2	
  <	
  0.28	
  at	
  99%	
  C.L.	
  

Favors	
  µ	
  to	
  τ	
  oscillations	
  
over	
  μ	
  to	
  s	
  

Lack	
  of	
  sterile	
  matter	
  effects	
  
places	
  a	
  strong	
  constraint	
  
–  Note,	
  |Uµ4|2	
  is	
  over-­‐
constrained	
  in	
  this	
  ]it	
  

Fit	
  for	
  |Uτ4|2	
  (with	
  |Uµ4|2)	
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Conclusions	
  
•  Atmospheric	
  neutrinos	
  provide	
  a	
  useful	
  tool	
  to	
  
study	
  sterile	
  oscillations	
  
– Wide	
  range	
  of	
  L/E	
  	
  
– Measurement	
  independent	
  of	
  Δm2	
  and	
  Nsterile	
  >	
  1	
  

•  No	
  evidence	
  of	
  sterile	
  neutrinos	
  seen	
  
– No	
  sterile-­‐driven	
  νµ	
  disappearance,	
  consistent	
  with	
  
other	
  short-­‐	
  and	
  long-­‐baseline	
  measurements	
  

– μ	
  to	
  s	
  oscillations	
  strongly	
  disfavored	
  by	
  the	
  lack	
  of	
  
sterile	
  matter	
  effects	
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3+N	
  ≈	
  3+1	
  for	
  Super	
  K	
  

•  The	
  ]irst	
  sterile	
  term:	
  
–  Controls	
  extra	
  disappearance	
  
–  Is	
  the	
  same	
  for	
  any	
  Nsterile	
  

•  The	
  second	
  sterile	
  term:	
  
–  Fills	
  in	
  the	
  minima	
  
–  Varies	
  for	
  Nsterile	
  

•  Our	
  experiment	
  is	
  much	
  more	
  
sensitive	
  to	
  ]irst	
  term	
  
–  Beam	
  experiments,	
  focusing	
  on	
  
the	
  ]irst	
  oscillation	
  dip,	
  are	
  
sensitive	
  to	
  the	
  second	
  term.	
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Pµµ =
�
1� |Uµ4|2

�2
P 0
µµ +

X

i�4

|Uµi|4



No	
  Mafer	
  in	
  3ν	
  
•  At	
  right	
  are	
  2	
  
sensitivities	
  from	
  the	
  
2+1	
  ]it	
  

•  The	
  dashed	
  is	
  the	
  
normal	
  ]it,	
  solid	
  has	
  
sterile	
  matter	
  effects	
  
arbitrarily	
  turned	
  off	
  

•  |Uµ4|2	
  limit	
  is	
  
unaffected	
  –	
  it	
  is	
  
independent	
  of	
  the	
  
sterile	
  matter	
  effects	
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When	
  is	
  Δm2
41	
  no	
  longer	
  “large”?	
  

•  When	
  do	
  the	
  oscillations	
  no	
  longer	
  appear	
  fast?	
  
–  This	
  will	
  be	
  the	
  worst	
  at	
  short	
  L’s	
  and	
  large	
  E’s,	
  so	
  lets	
  focus	
  on	
  Up-­‐µ	
  
with	
  cos	
  θz	
  >	
  -­‐0.1	
  

–  Loop	
  through	
  all	
  these	
  events	
  and	
  calculate	
  the	
  mean	
  of	
  sin2(Δm2L/4E)	
  
for	
  various	
  Δm2	
  

•  Doing	
  this,	
  the	
  approximation	
  is	
  valid	
  down	
  to	
  ~0.8	
  eV2	
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When	
  is	
  Δm2
41	
  no	
  longer	
  “large”?	
  

•  However,	
  the	
  limit	
  on	
  |Uµ4|2	
  is	
  driven	
  by	
  the	
  low	
  |Uτ4|2	
  region.	
  
–  In	
  this	
  region,	
  the	
  dominant	
  samples	
  are	
  Sub-­‐GeV	
  muons	
  
–  Almost	
  no	
  power	
  comes	
  from	
  Up–µ	
  

•  For	
  these	
  samples,	
  the	
  “large”	
  assumption	
  is	
  ~always	
  valid	
  so	
  |Uµ4|2	
  
limit	
  really	
  is	
  a	
  vertical	
  line	
  in	
  Δm2	
  to	
  a	
  good	
  approximation	
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Our	
  Mafer	
  Effect	
  Model	
  
•  The	
  µ	
  to	
  µ	
  probability	
  is	
  fairly	
  simple:	
  

•  Get	
  |S22|2	
  by	
  diagonalizing	
  the	
  sum	
  of	
  the	
  
vacuum	
  and	
  matter	
  Hamiltonians:	
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1 Assumptions and Definitions

Oscillation probabilities with sterile neutrinos for SuperK with the following assumptions:

• Only 1 additional sterile neutrino

• ⌫e’s fully decoupled (✓12 ! 0 and ✓14 ! 0)

• �m2
41 ! inf, so |S̃44|2 ! 1 but S̃44 = e�i�44L ! 0

Paramaterization used:

• So far, USM is left generic

• dµ = |Uµ4|2 = sin2(✓24)

• ds = |Us4|2 = cos2(✓24) cos2(✓34)

• d⌧ = |U⌧4|2 = 1� dµ � ds, using Ue4 = 0. Not independent, but usefulf for clarity.

2 Oscillation Porbabilities

The calculation follows the example and notation of Appendix B from the 2007 PRD. The e� e and
e� µ probabilities are very simple and are consistent with the results from that paper.

For µ! µ:
Pµµ = (1� dµ)2|S̃22|2 + d2

µ (1)

which is consistent since with only 1 sterile neutrino the
P
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Taking advantage of the fact that the latter matrix is Hermitian, we can paramaterize it up to the
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eigenvalues Em

1,2.

fm =
q

A2
32 + A2

s + 2A32As (cos(2✓23) cos(2✓s) + sin(2✓23) sin(2✓s)) (10)

Em
1,2 = ±fm (11)

sin 2✓m =
A32 sin(2✓23) + As sin(2✓s)

fm
(12)

cos 2✓m =
A32 cos(2✓23) + As cos(2✓s)

fm
(13)

Then, we just need the transition matrix elements to calculate the probabilities above.

|S̃22|2 = 1� sin2(2✓m) sin2(fmL) (14)
⇣
S̃23S̃

⇤
22 + S̃⇤

23S̃22

⌘
= �2 sin(2✓m) cos(2✓m) sin2(fmL) (15)

(16)

2

Taking advantage of the fact that the latter matrix is Hermitian, we can paramaterize it up to the
subtraction of a constant times the identity (which would just become an arbitrary overall phase).

H(2) = A23

✓
� cos 2✓23 sin 2✓23

sin 2✓23 cos 2✓23

◆
+ As

✓
� cos 2✓s sin 2✓s

sin 2✓s cos 2✓s

◆
(5)

We just need to calculate As and ✓s from the diagonalization of H
(2)
s by sutstituting in the values
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1 Assumptions and Definitions

Oscillation probabilities with sterile neutrinos for SuperK with the following assumptions:
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• ⌫e’s fully decoupled (✓12 ! 0 and ✓14 ! 0)

• �m2
41 ! inf, so |S̃44|2 ! 1 but S̃44 = e�i�44L ! 0

Paramaterization used:

• So far, USM is left generic

• dµ = |Uµ4|2 = sin2(✓24)

• ds = |Us4|2 = cos2(✓24) cos2(✓34)

• d⌧ = |U⌧4|2 = 1� dµ � ds, using Ue4 = 0. Not independent, but usefulf for clarity.

2 Oscillation Porbabilities

The calculation follows the example and notation of Appendix B from the 2007 PRD. The e� e and
e� µ probabilities are very simple and are consistent with the results from that paper.
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3 Matter E↵ects a la Maltoni

Notice that in the above probabilites, only the 2 and 3 elements of S̃ appear. We will take advantage
of this to reduce the whole system to a 2-flavor proglem. By doing so we are assuming only 2-flavor
normal oscillations, e.g. Pee ! 1 and Peµ, Pµe ! 0. By doing this, we can write the evolution
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Ũs2Ũ
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⇤
s3 |Ũs3|2
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normal oscillations, e.g. Pee ! 1 and Peµ, Pµe ! 0. By doing this, we can write the evolution
matrix as based on this Hamiltonian:

H(2) = H(2)
sm + H(2)

s =
�m2
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Our	
  Parameters:	
  |Uµ4|2	
  
•  Amount	
  mixing	
  between	
  νµ	
  and	
  the	
  sterile	
  mass	
  state	
  ν4	
  

•  Primary	
  effect	
  is	
  extra	
  νµ	
  disappearance	
  at	
  all	
  path	
  lengths	
  

•  Is	
  directly	
  comparable	
  to	
  SBL	
  measurements	
  of	
  νµ	
  
disappearance	
  (θµµ)	
  and	
  indirectly	
  to	
  the	
  MB/LSND	
  
appearance	
  signal	
  (θµe)	
  

•  With	
  more	
  sterile	
  neutrinos,	
  becomes	
  a	
  more	
  generic	
  
parameter	
  dµ,	
  but	
  out	
  limit	
  is	
  still	
  applicable:	
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and (2) ⌫

µ

disappearance data from the long baseline, accelerator-based experiment K2K [62–64].
The atmospheric constraint is implemented in the form of a �

2 available to us as a function of the
parameter d

µ

, which depends on the muon flavor composition of m4, m5, and m6 as follows:

d

µ

=
1�p

1� 4A

2
, (15)

where

A = (1� |U
µ4|2 � |U

µ5|2 � |U
µ6|2)(|Uµ4|2 + |U

µ5|2 + |U
µ6|2)

+|U
µ4|2|Uµ5|2 + |U

µ4|2|Uµ6|2 + |U
µ5|2|Uµ6|2 . (16)

The atmospheric constraints set a limit at 95% CL as shown in Fig. 2.

4 Analysis Description

The analysis method follows the formalism described in Sec. 2.3, and fits are performed to each of the
(3+1), (3+2), and (3+3) hypotheses separately.

4.1 Fit Parameters

The independent parameters considered in the (3+1) fit are �m

2
41, representing the splitting between

the (degenerate) first three mass eigenstates and the fourth mass eigenstate, and |U
e4| and |U

µ4|,
representing the electron and muon flavor content in the fourth mass eigenstate, which are assumed
to be small. The (3+2) model introduces an additional, fifth mass eigenstate, where �m

2
51 � �m

2
41,

two additional mixing parameters, |U
e5| and |U

µ5|, as well as the CP-violating phase �54, defined by
Eq. 7. The (3+3) model includes all the previous parameters and yet another, sixth mass eigenstate,
described by �m

2
61, where �m

2
61 � �m

2
41, �m

2
51, two additional mixing parameters, |U

e6| and |U
µ6|,

as well as two more CP-violating phases, �46 and �56. The above model parameters are allowed to
freely vary within the following ranges: �m

2
41, �m

2
51 and �m

2
61 within 0.01-100 eV2, |U

↵i

| within 0-
0.5, and �

ij

within 0-2⇡, with the exception that for the |U
↵i

| there are additional constraints imposed
on the mixing parameters in order to conserve unitarity of the full (3+N)⇥(3+N) mixing matrix in
each scenario, as described in Sec. 2.3.

4.2 Fitting Method

The fitting method closely follows what has been done in Ref. [21]. Given an oscillation model, (3+1),
(3+2), or (3+3), the corresponding independent oscillation parameters are randomly generated within
their allowed range, and then varied via a Markov Chain �

2 minimization procedure [65]. Each
independent parameter x is generated and varied according to

x = x

old

+ s(R� 0.5)(x
min

� x

max

) , (17)

where x

old

is the value of parameter x previously tested in the �

2 minimization chain, x
min

and x

max

represent the boundaries on the parameter x as described in Sec. 4.1, R is a random number between
0 and 1, which is varied as one steps from x

old

to x, and s is the “stepsize”, a parameter of the Markov
Chain. By definition within the Markov Chain minimization method, the point is accepted based only
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4 Analysis Description
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| there are additional constraints imposed
on the mixing parameters in order to conserve unitarity of the full (3+N)⇥(3+N) mixing matrix in
each scenario, as described in Sec. 2.3.

4.2 Fitting Method

The fitting method closely follows what has been done in Ref. [21]. Given an oscillation model, (3+1),
(3+2), or (3+3), the corresponding independent oscillation parameters are randomly generated within
their allowed range, and then varied via a Markov Chain �

2 minimization procedure [65]. Each
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is the value of parameter x previously tested in the �

2 minimization chain, x
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Our	
  Parameters:	
  |Uτ4|2	
  
•  Amount	
  mixing	
  between	
  ντ	
  and	
  the	
  sterile	
  mass	
  state	
  ν4	
  

•  Controls	
  νµ-­‐>ντ	
  vs.	
  νµ-­‐>νs	
  fraction	
  
–  Previous	
  SK	
  sterile	
  measurements	
  have	
  implicitly	
  limited	
  this	
  
parameter	
  

•  This	
  parameter	
  ~scales	
  the	
  size	
  of	
  sterile-­‐NC	
  matter	
  effects	
  

•  Also	
  responsible	
  of	
  NC	
  disappearance	
  over	
  long	
  baselines	
  

•  Private	
  to	
  long-­‐baseline	
  and	
  atmospheric	
  measurements	
  
–  But	
  still	
  interesting	
  for	
  understanding	
  atmospheric	
  oscillations	
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